In bovine tracheal smooth
Introduction
In tracheal smooth muscle, cAMP plays an important role in modulating the contractility. However, the precise mechanism by which cAMP regulates tracheal smooth muscle contraction is still unclear. At least two possibilities have been proposed to explain the cAMP-mediated relaxation; the reduction of [Ca2+] i and the reduction of myosin light chain (MLC) phosphor ylation (Rasmussen et al., 1990; De Lanerolle et al., 1991; Gerthoffer et al., 1989) . In canine trachea, it has been demonstrated that isoproterenol inhibits CCh-stimulated [Ca2+] i, support ing the first possibility (Gunst and Bandyopadhyay, 1989; Ozaki et al., 1990a) . However, it was also demonstrated that FK and isoproterenol inhibit high K+-induced contraction without decreasing [Ca2+] i in tracheal smooth muscle (Ozaki et al., 1990a; Tang et al., 1992) , as is the case with vascular smooth muscle (Abe and Karaki, 1989; Ushio-Fukai et al., 1993) . In bovine tracheal smooth muscle stimulated with carbachol (CCh), it has been reported that isoproter enol decreased MLC phosphorylation and force of contraction in parallel (Tang et al., 1992; Stull et al., 1990) . In tracheal smooth muscle cell culture, Taylor et al. (1989) found that
[Ca2+]-MLC phosphorylation relationship is tightly correlated in the presence of various agonists, such as histamine, serotonin and carbachol, and FK does not significantly change this relationship. Tang et al. (1992) further demonstrated that the increase in cAMP by isoproter enol does not affect on the MLC kinase activity in the muscle stimulated with high K+, suggesting that phosphatase activity may be increased by the cAMP-dependent process.
An activation by Ca2+and calmodulin-dependent MLC kinase is the primary regulator of myosin phosphorylation and contraction in smooth muscle (Kamm and Stull, 1985; Hartshorne, 1987) . Although the rise in [Ca2+] i initiates contraction in smooth muscle, there is not a simple relationship between [Ca2+] i and tension (Karaki, 1989; Somlyo and Himpens, 1989 ).
Several agonists have been shown to increase the sensitivity of contractile apparatus to Ca2+; for example, norepinephrine in the ferret portal vein (Morgan and Morgan, 1984) , norepine phrine, prostaglandins and endothelin-1 in the rat aorta (Sato et al., 1988; Sakata et al., 1989; Ozaki et al., 1990b) and thromboxane analogues and phenylephrine in the rabbit pulmonary artery (Himpens et al., 1990) . In the canine tracheal smooth muscles, it has also been demon strated that carbachol increases Ca2+sensitivity (Ozaki et al., 1990a; Gerthoffer et al., 1989) . Several reports suggested that agonists phosphorylate more MLC than high K+at a given
[Ca2+] i (Gerthoffer et al., 1989; Rembold and Murphy, 1988; Hori et al., 1992) . Since phorbol ester also increases Ca2+sensitivity as receptor agonists do (Ozaki et al., 1990b; Park and Rasmussen, 1985; Nishimura and van Breemen, 1989; Sato et al., 1992) , it has been suggested that the activation of protein kinase C (PKC) may be involved in the agonist-induced Ca2+ sensitization of MLC phosphorylation and contraction. It was also demonstrated that phorbol ester induced substantial contraction in Ca2+-free solution without increase in [Ca2+] i and MLC phosphorylation in vascular smooth muscle . FK may alter these mechanisms and inhibit the contraction of smooth muscles. To know the site of action of FK in tracheal smooth muscle, we examined the relationship among [Ca2+] i, MLC phosphorylation and contractile force using intact tracheal smooth muscle strip. We also examined the effects 1B) .
In the presence of FK (10ƒÊM), CCh-stimulat ed [Ca2+] 1 was inhibited by 27% and 53% at 3 and 10min, respectively, and force by 35% and 41% at 3 and 10min, respectively ( Fig. 2D and F) . CCh-stimulated MLC phosphorylation were also decreased by 45% and 31% at 3 and 10min, respectively (Fig. 2E) . 6D ).
Discussion
Present results demonstrated that the inhibitory effect of FK on CCh-induced contraction is due mainly to decrease in phosphorylation and force was not affected by FK in the presence of high K+and CCh. These results are consistent with the observations obtained in bovine trachea (Tang et al., 1992) .
FK-induced decrease in [Ca2+], may be due to following processes:i) activation of voltage or Ca2+-dependent K+channel , ii) inhibition of voltage-dependent Ca2+channels (Ishikawa et al., 1993) , and iii) activation of Ca2+extrusion.
The second possibility is less likely since FK did not reduce high K+-induced increases in [Ca2+] 1 which is readily inhibited by L-type Ca2+channel blockers (Karaki and Weiss, 1984 Abdel-Latif, 1991 Ahn et al., 1992 . In bovine trachea, FK inhibited Ca2+mobilization induced by CCh without changing those induced by high K+and caffeine. These results support the possibility that the decrease in phosphatidyl inositol turnover may at least partly be responsible for the inhibition of CCh-induced contrac tion. where the external Ca2+concentration is clamped at a constant levels. It was found that FK shifted the Ca2+-force curve to right in parallel. cAMP also inhibited the Ca2+-induced contraction. These results suggest that activation of adenylate cyclase by FK and the follow ing elevation of cytosolic cAMP levels inhibits tracheal smooth muscle contraction by direct inhibition of contractile elements as has been reported in vascular and gastric smooth muscles (Nishimura and van Bremen, 1989; . Since cAMP did not inhibit the ATP induced contraction obtained in the absence of Ca2+in thiophosphorylated muscle, cAMP may not directly inhibit the actin-myosin interaction. Because it has been reported that MLC kinase activity is not changed by isoproterenol in bovine trachea (Tang et al., 1992) , inhibition of contraction may at least partly be mediated by the increase in phosphatase activity.
In the present study, the Ca2+sensitizing effect of CCh was demonstrated in both intact and permeabilized muscle in which CCh increased the contractile response at a given Ca2+concen tration.
In permeabilized muscle, GTPyS and DPB mimicked the effect of CCh. cAMP inhibited not only the Ca2+-induced contraction but also the contraction which is due to Ca2+ sensitization. Although mechanism of Ca2+sensitization is not completely understood, it has been suggested that receptor-mediated inhibition of phosphatase is involved in the increase in MLC phosphorylation (Kitazawa et al., 1991; Kubota et al., 1992 In summary, the mechanism of the inhibitory effects of FK on tracheal smooth muscle contraction are multif olds; 1) inhibition of Ca2+mobilization and subsequent MLC phosphor ylation possibly by inhibiting membrane signal transduction, 2) inhibition of the Ca2+sensitiv ity of MLC phosphorylation possibly by activating phosphatase, and 3) inhibition of unknown regulatory mechanism which is not dependent on MLC phosphorylation.
